Di¡erential cell movement is an important mechanism in the development and morphogenesis of many organisms. In many cases there are indications that chemotaxis is a key mechanism controlling di¡erential cell movement. This can be particularly well studied in the starvation-induced multicellular development of the social amoeba Dictyostelium discoideum. Upon starvation, up to 10 5 individual amoebae aggregate to form a fruiting body. The cells aggregate by chemotaxis in response to propagating waves of cAMP, initiated by an aggregation centre. During their chemotactic aggregation the cells start to di¡erentiate into prestalk and prespore cells, precursors to the stalk and spores that form the fruiting body. These cells enter the aggregate in a random order but then sort out to form a simple axial pattern in the slug. Our experiments strongly suggest that the multicellular aggregates (mounds) and slugs are also organized by propagating cAMP waves and, furthermore, that cell-type-speci¢c di¡erences in signalling and chemotaxis result in cell sorting, slug formation and movement.
INTRODUCTION
Development of a vertebrate embryo typically involves the generation of hundreds of cell types from the zygote to form all the di¡erent tissues and organs. Some cell types may arise and di¡erentiate in situ at the right position at the right time of development; however, many cell types have to move to their ¢nal destination. This is di¤cult to study and in most cases little is known about the mechanisms involved, although it is often suspected that chemotaxis may play an important role. Chemotactic cell movement is a key mechanism in the multicellular development of the social amoeba Dictyostelium discoideum. Its development is in many respects much simpler and more amenable to analysis than that of vertebrates. The cells proliferate in the vegetative stage as single amoebae. Under starvation conditions up to 10 5 cells aggregate chemotactically to form a multicellular organism. During aggregation the cells start to di¡erentiate. The cells arrange themselves by di¡erential movement into a simple axial pattern in the slug. The movement of the slug, which is photo-and thermotactic, is guided by an apical tip. The slug forms a fruiting body after a facultative period of migration of up to several days. The fruiting body consists of a stalk, formed by dead vacuolated stalk cells, that supports a mass of spore cells. The spores disperse and each spore can germinate to start a new colony under favourable conditions (Loomis 1982) . Since the multicellular phase of the development occurs in the absence of food there is little cell division during development (Weeks & Weijer 1994) . The number of cells doubles at most. Morphogenesis therefore results from coordinated cell movement of a few emerging cell types.
During development the cells have to communicate over distances large compared with the size of the cell (5^10 m m). An aggregation territory can be a few centimetres wide and slugs can be up to 5 mm long. During aggregation the cells communicate by relaying a cAMP signal from cell to cell. They use this signal to aggregate by chemotaxis. We have investigated whether the same mechanisms, cAMP signal relay and chemotaxis towards cAMP gradients, also organize the later multicellular stages of Dictyostelium development. Since the aggregation phase has been most thoroughly investigated we will review the key facts ¢rst and then discuss what is known for the later stages of development.
EARLY AGGREGATION
The principles that govern aggregation are understood at the cellular level to result from the following cellular competencies: (i) periodic cAMP signal generation by cells in the aggregation centre, (ii) cAMP signal relay by all other cells, (iii) adaptation of the cAMP relay response, and (iv) chemotactic movement of cells up-rising cAMP gradients.
A few hours after the initiation of starvation, cells become sensitive to cAMP due to the expression of cellsurface cAMP receptors. They gain the ability to synthesize and secrete cAMP in response to a cAMP stimulus, i.e. they become excitable. The mechanism of cAMP excitability involves two di¡erent feedback loops, a fast autocatalytic cAMP-induced cAMP ampli¢cation and a slightly slower negative feedback loop (Devreotes 1989; Devreotes et al. 1987) . The molecular mechanisms underlying these feedback loops are rapidly being elucidated (Parent & Devreotes 1996 ; Aubrey & Firtel 1999) . cAMP is detected via highly speci¢c and sensitive serpentine cAMP receptors, which triggers two competing processes, excitation and adaptation. The excitation pathway leads from the receptor, via the activation of a heterotrimeric G protein, G2, to the liberation of a bg complex. This complex activates directly or indirectly one or several phosphatidylinositol-3 kinases, which transiently synthesize phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ). This results in the transient translocation of the PH-domaincontaining protein CRAC (cytosolic regulator of adenylate cyclase) from the cytosol to the membrane (Parent & Devreotes 1999; Parent et al. 1998 ). This, in combination with other factors such as pianissimo, aimless, a ras guanine nucleotide exchange factor and another rasinteracting protein, RIP3, results in the activation of the membrane-bound adenylate cyclase ACA, which starts to produce cAMP (Chen et al. 1997; Insall et al. 1996; Wu et al. 1995) . cAMP is constitutively secreted to the outside, where it can bind to the receptor again. This is a positive feedback loop leading to the production of cAMP. cAMP is degraded continuously by an intracellular phosphodiesterase regA and a secreted extracellular phosphodiesterase ePDE (Franke & Kessin 1992; Shaulsky et al. 1998; Thomason et al. 1999 ). Binding of cAMP to the receptor also triggers an adaptation process, which results in an inhibition of the cyclase activation. The molecular basis of adaptation is still unknown but may involve a Gi-type G protein. After adaptation has set and the cyclase is no longer activated the extracellular cAMP levels are going to fall, due to the action of the secreted phosphodiesterase. The secreted cAMP di¡uses away to activate neighbouring cells, which now in turn start to produce cAMP and stimulate their neighbours.These signals form initially small wave fragments that start to travel through the population of cells. Adaptation ensures the unidirectional propagation of cAMP waves, since cells which have just relayed are refractory to further stimulation by cAMP. The waves will interact and form spiral wave centres (¢gure 1a). There is a feedback of the cAMP signal on the expression of the components necessary for signal detection and ampli¢cation, such as cAMP receptors, G proteins, CRAC and adenylate cyclase itself (Firtel 1996; Gerisch 1987) . As a result the cells become more excitable and presumably all start to oscillate autonomously being entrained by cells in the aggregation centre.
The cells show a chemotactic reaction in the direction of higher cAMP concentrations. The cells move up the gradient, as long as the cAMP concentration is rising. This involves the detection of small di¡erences ( 5 10%) in the number of occupied receptors between the front and the back end of the cells, since the cells are small compared with the wavelength of the cAMP waves (see ½ 4). This di¡erence has to be ampli¢ed to result in directed chemotactic movement. This polarization process can be visualized by the localized translocation of PHdomain-containing proteins such as CRAC and protein kinase B (Parent & Devreotes 1999; Parent et al. 1998; Meili et al. 1999) . The cells stop moving as soon as the cAMP wave passes and the concentration starts to fall (Futrelle 1982; Varnum-Finney et al. 1987 , 1988 . This chemotactic response leads to the periodic inward movement of the cells to the aggregation centre guided by outwardly propagating waves of cAMP.
During early aggregation the cAMP waves can be seen as optical density (OD) waves using low-power dark¢eld optics (Alcantara & Monk 1974; Gross et al. 1976; Siegert & Weijer 1989) . These OD waves are correlated with shape changes which cells undergo upon stimulation with cAMP. Chemotactically moving cells are elongated and groups of moving cells appear brighter than groups of non-moving cells. This results in the appearance of dark and light bands in ¢elds of aggregating cells. By correlating the cAMP signal via cAMP isotope dilution £uorography with the dark¢eld waves, it was shown that the OD waves observed during aggregation faithfully represent the propagating cAMP signal (Tomchik & Devreotes 1981) . Most often waves appear as expanding spirals, in some strains they also form target wave patterns. Spiral waves can arise in excitable media and do not need autonomously oscillating cells, concentric waves need autonomously oscillating cells in the aggregation centre.
AGGREGATION STREAMS
After around 15^20 waves have passed the cells become organized in aggregation streams. These streams radiate from the aggregation centre outward and branch towards the periphery. Based on theoretical considerations it has been suggested that stream formation results from a deformation of the cAMP wavefronts caused by random variations in distribution of cells in the aggregation territory. A small local accumulation of cells will, due to the autocatalytic nature of the cAMP relay reaction, result in a local increase in the rate of cAMP production. This will locally speed up wave propagation, resulting in a slightly outwardly bulging wavefront. This then will result in the further attraction of cells to this region (Hofer & Maini 1997; Levine & Reynolds 1991; Vasiev et al. 1994) . Stream formation is an autocatalytic process and will rapidly spread through the aggregation territory. Cells in streams are highly polarized and elongated and very closely packed (¢gure 1d ). Propagating OD waves can readily be observed in aggregation streams. Most late-aggregation centres are organized by spiral waves, which break up into individual wavefronts that propagate down the streams (¢gure 1c). The wave propagation speed can be as low as 50 m m min 71 , which implies that the signal propagates around one cell diameter every 10^15 s. The cAMP signal hops from cell to cell, as can be visualized by the translocation of CRAC in aggregation streams (D. Dormann and C. J. Weijer, unpublished data). Cell movement is still periodic (Rietdorf et al. 1996) . The cells make speci¢c end-to-end contact via homophilic interactions of an ethylenediaminetetraacetic acid-resistant cell adhesion molecule, contact site A (CSA). Its expression requires exposure of the cells to nanomolar pulses of cAMP. CSAnull mutants can still aggregate, but lack, however, the clear stream morphology, implying a role for these sites in stream preservation (Harlo¡ et al. 1989; Ponte et al. 1998; Stadler et al. 1989) . When the cells reach the body of the aggregate, they start to become more amoeboid in shape again, suggesting a change in the adhesion mechanism operative during later development (Rietdorf et al. 1996) .
MOUNDS
The cells entering the aggregation centre start to pile on top of each other and form a three-dimensional hemispherical structure. We could visualize propagating OD waves in the later stages of Dictyostelium development (Rietdorf et al. 1996; . Continuous measurements of the OD waves from aggregation until tip formation showed that the frequency of the waves increases during aggregation while the wave propagation speed slows down (Gross et al. 1976; Rietdorf et al. 1996; Siegert & Weijer 1989) . During early aggregation the period of the signals may be as long as 6^7 min while later in development the period decreases to 1^2 min. Wave propagation speed decreases simultaneously from 600 m m min 71 to around 50^100 m m min 71 in aggregation streams and mounds. As a result of this the chemical wavelength decreases from 3000^4000 m m to 50^200 m m. Therefore the spiral waves can initially organize the several centimetre large aggregation territories during early aggregation and the much smaller mounds (1005 00 m m diameter) during later development. This change in signalling properties is partly due to the cAMP-dependent expression of components of the oscillatory system, described above, as well as to the dispersive properties of Dictyostelium morphogenesis D. Dormann and others 985 this excitable medium (Foerster et al. 1990; Gerisch et al. 1987; Siegert & Weijer 1989) .
In the mound stage the geometry of the waves can be very variable. The pattern of wave propagation seems to be a characteristic of the strain used Dormann et al. 1998) . Some strains predominantly show concentric ring waves, which originate from one or more centres in the mound; other strains show simple and multi-armed spirals waves. The multi-armed spirals rotate around a common core. We have not yet been able to observe exactly how these multi-armed spiral waves form from the single-armed spirals present during aggregation. From theoretical considerations, however, it is evident that in a multi-armed spiral the de-adaptation process has to be much faster than the period of rotation of one wavefront (Vasiev et al. 1997a ). The molecular basis for the formation of multi-armed spirals is as yet unknown.
There is good evidence that the OD waves in mounds still re£ect propagating waves of cAMP. Periodic microinjection of pulses of cAMP into the extracellular space in mounds initiated OD waves which propagated from the electrode tip outwards. These elicited waves annihilated endogenous waves upon collision, showing a common propagation mechanism (Rietdorf et al. 1998 ). Our recent experiments using a temperature-sensitive adenylate cyclase mutant (tsaca2), whose activity is inhibited at 28 8C, show that wave propagation can be reversibly inhibited by shifting mounds of the temperature-sensitive mutant to the restrictive temperature. At the restrictive temperature the waves disappear and the cells loose their coordination of movement. Upon lowering the temperature the waves come back. These experiments clearly show that the OD waves in mounds are still carried by cAMP (Patel et al. 2000) . During later development the cells start to express at least four di¡erent cAMP receptors, which can all couple to the same cAMP signalling pathways. They di¡er in their a¤nity for cAMP and cell-type speci¢city of their expression pattern (Chen et al. 1996 ; J. Y. ). During early aggregation a high-a¤nity receptor (car1) is expressed and deletion of this receptor leads to a loss of the ability to aggregate. During aggregation the cells start to express car3, a cAMP receptor of slightly lower a¤nity, in low copy number ( Johnson et al. 1992 . Deletion of this receptor has no clear morphological consequences. During tip formation, a third low-a¤nity receptor car2, is expressed by prestalk cells. Deletion of this receptor leads to a block of tip formation and the strain arrests at the mound stage of development . Our investigation of mutants expressing only one receptor of known a¤nity has shown that receptor a¤nity determines the frequency of wave initiation. The lower the a¤nity the lower the frequency of the waves.
Receptor a¤nity does not in£uence wave propagation speed. This again is good evidence that cAMP waves are involved in organizing cell movement at the mound stage (Dormann et al. 2000) .
The patterns of cell movement observed in mounds are dependent on the geometry of the waves coordinating their behaviour. Cell movement in mounds organized by concentric waves is directed towards the pacemaker centre, and is slow. In mounds organized by spiral waves, cell movement is counter-rotational to the direction of wave propagation, and is fast (Rietdorf et al. 1996; Sukumaran et al. 1998) . The rotational movement of the cells is rather continuous and less periodic as during early aggregation where the cells do not yet make strong cell^cell contacts. Their movement is almost £uid like. Each cell moves clearly as an individual, but the behaviour of all cells is coordinated, as evident from the observation of propagating OD waves, which are a measure of the synchrony of the response of the cells to the chemotactic (Vasiev et al. 1997b ). (b) Cell sorting and the formation of a slug. The mound consists of two cells types, 20% yellow prestalk cells and 80% green prespore cells. They are initially randomly mixed. The cAMP waves (purple) organizes the movement of the cells. The prestalk cells are more excitable and move more strongly in response to a cAMP wave. They move towards the centre of the mound and up to form the tip. The separation of the cells feeds back on the signal propagation resulting in the formation of a twisted scroll wave. This leads to an intercalation of the cells and an upward extension of the slug .
(c) Shows that a slug organized by a scroll wave can move (Vasiev & Weijer 2000) .
signal. The cells still make close cell^cell contacts and the low wave propagation speed suggests that the cells signal only their immediate neighbours.
SLUGS
During slug formation the hemispherical mound transforms into a long cylinder, the`standing slug'. This transformation happens by an intercalation of the cells. The ¢rst sign of this intercalation is the formation of a nippleshaped structure, the tip. The tip forms by the sorting of prestalk A cells towards the tip of the mound (Williams 1995; Williams & Morrison 1994; Williams & Jermyn 1991) . The details of the sorting mechanism are still unknown but may involve di¡erential chemotaxis to cAMP signals (Matsukuma & Durston 1979; Sternfeld & David 1981; Early et al. 1995) as well as the development of cell-type-speci¢c di¡erence in motive force. The di¡erence in motive force may arise from di¡erences in the function of the cytoskeleton (De Lozanne & Spudich 1987; Rivero et al. 1996; Springer et al. 1994) , or cell-type-speci¢c di¡erences in adhesion (Siu & Kamboj 1990 ). The tip forms on top of the mound and seems to direct all subsequent morphogenesis. The tip has the properties of an organizer. When a tip is transplanted into the side of a slug, it will organize the tissue more posterior to the side to form a secondary slug (Raper 1940; Rubin & Robertson 1975) . When the tip is cut o¡ a slug the tip continues to move forward but the prespore zone stops movement immediately and rounds up. The scattered anterior-like cells sort out to reform a new tip. This new slug will then continue to migrate. The tip e¡ectively controls the behaviour of cells up to hundreds of cell diameters away. This is also evident during the directed motion up light and temperature gradients, which are all guided by the tip. This requires long-range signalling.
We have studied the patterns of cell movement in the slug. A good description of movement of individual cells in the slug should help to understand the signals responsible for the control of their movement (Abe et al. 1994; Siegert & Weijer 1991 . Cells in the back of the prespore zone move forwards in the direction of slug migration in a periodic fashion (¢gure 2). The movement velocity of neighbouring cells is modulated in a similar manner, suggesting that they react to a common periodic signal. They do not strictly keep their neighbours; however, all the cells in the back of the slug move on average with slug speed. The cells in the prestalk zone show a very di¡erent movement pattern. Often their movement is rotational around the long axis of the prestalk zone, slightly slanted to the direction of slug migration. This rotational movement is especially strong in the pstO zone when the tip is lifted up from the substrate in the air (Abe et al. 1994) . Due to their twisted tracks the speed of movement of the individual prestalk cells is greater then the forward movement speed of the slug.
This movement pattern can be most easily explained by chemotaxis to a cAMP signal that takes the form of a rotating three-dimensional spiral (scroll) wave in the tip and single planar waves of cAMP in the back of the slug (Siegert & Weijer 1992) . We have shown using model calculations that a di¡erence in oscillation frequency of the cells in the prestalk and prespore zone can give rise to these wave forms (Bretschneider et al. 1995; Steinbock et al. 1993) . If the prestalk cells oscillate faster they can sustain a scroll wave which twists to form a twisted scroll in the prespore zone, a region of lower oscillation frequency. This wave pattern could result from all the cells in the prestalk zone relaying the cAMP signal, while only the anterior-like cells relay the signal in the prespore zone. They have a prestalk-like character, make up 101 5% of the cells in the prespore zone and are randomly scattered. Upon culmination they will form parts of the basal disk, upper and lower cup (Bretschneider et al. 1995) .
We observed OD wave propagation in the back end of the prespore zone of Dictyostelium mucoroides slugs (Dormann et al. 1997 ). Furthermore, we found that the motion of the tip is clearly periodic with a periodicity, which is similar to the period of the OD waves. More recently we have also found propagating planar OD waves in the prespore zone of D. discoideum slugs of wildtype strains (D. Dormann & C. J. Weijer, unpublished observations) . It has been shown that strains lacking the aggregation stage-speci¢c adenylate cyclase gene ACA can be made to develop if pulsed with cAMP during the early stages of development (Pitt et al. 1992 (Pitt et al. , 1993 . This can be improved by constitutively overexpressing the catalytic subunit of the cAMP-dependent protein kinase (Wang & Kuspa 1997) . Our initial experiments have shown that we cannot see any OD wave propagation in either mounds or slugs of this mutant. Furthermore, there is little evidence for periodic cell movement in slugs of this strain. However, cells in mounds and slugs of this strain can show extensive rotational cell movement (D. Dormann and C. J. Weijer, unpublished data). These new data seem to suggest that in the absence of ACA another mechanism can take over the control of cell movement.
The rotational movement observed in this strain reminds one of the rotational movement of cells in colonies of some bacterial strains (BenJacob 1997). The rotational movement there has been postulated to result from chemotaxis of the cells towards a chemoattractant secreted by all cells, which keeps them together with a persistent cell autonomous movement. It is not di¤cult to imagine that a similar mechanism could result in circular cell movement in mounds. One possibility is that a newly discovered adenylate cyclase (ACB) produces extracellular cAMP under these conditions (H. J. Meima & Schaap 1999) . In slugs the situation is much less clear since the movement of all the cells is clearly controlled by the slug tip. This is especially evident during changes in slug shape, photo-and thermotaxis and culmination (Fisher et al. 1997; Dormann et al. 1996) . Therefore the tip must be able to exercise some long-range control over the movement of all the other cells in the slug to do this.
MODELLING MORPHOGENESIS
A population of Dictyostelium cells behaves as a biological excitable medium, in which the cells communicate by propagating waves of cAMP. These waves interact with the dynamics of the medium on at least two timescales. On a short time-scale they induce motion of the excitable elements, the cells. On a longer time-scale they control the gene expression of signalling molecules, which in turn changes the signalling and movement dynamics of the cells. Since these interactions are highly nonlinear it is very di¤cult just to imagine how they may work even qualitatively. We therefore have attempted to model the morphogenesis of Dictyostelium to test our understanding of the basic principles involved. We model the excitable cAMP kinetics by considering the cells as a generic excitable medium that is capable of producing waves of cAMP in two and three dimensions. To describe cell movement we either consider them as a composite viscous £uid (¢gure 3), or as a collection of discrete cells (Bretschneider et al. 1997 (Bretschneider et al. , 1999 Vasiev et al. 1997b; , that move in response to the chemotactic gradients created by the cells. Using these descriptions we can model wave initiation during early aggregation, stream and mound formation. By taking into account two di¡erent cell types with di¡erent signalling and movement properties we can model cell sorting, tip formation and slug migration. Cell sorting will feedback on the signalling patterns in the tipped mound, since prestalk and prespore cells di¡er in their excitability (see above). Cell sorting a¡ects the signalling system in the following way: the collection of fast oscillating prestalk cells in the tip leads to an increase in excitability in the tip. This will result in a loss of spiral arms to form a simple scroll wave in the tip (Bretschneider et al. 1997; Vasiev et al. 1997a ). The removal of the highly excitable prestalk cells from the body of the mound will result in a decrease in local excitability of the prespore cell mass, and a conversion of the scroll wave in the tip into a twisted scroll wave in the mound (Bretschneider et al. 1995; Steinbock et al. 1993 ). This will then direct a twisted rotational cell movement in the base of the mound. As a result the mound contracts, i.e. the cells intercalate and at the same time the mound elongates and extends up into the air . The slug can fall over and migrate away.
The work described here shows that we have started to understand some of the cellular principles involved in the morphogenesis of Dictyostelium. It seems most likely that Dictyostelium morphogenesis results from the propagation of waves of a chemoattractant, cAMP, which coordinates a di¡erential chemotactic movement response. The geometry of the signal controls the movement patterns of the cells and therefore the shape of the organism. The proposed mechanism of cell sorting needs to be tested further by investigation of wave propagation and cell movement patterns in various signalling and cell motility mutants. Understanding the cellular events leading to culmination will be the next major challenge. This work was supported by the Wellcome Trust.
